To investigate the mechanical properties of recycled aggregate concrete filled square steel tubular column under bias voltage, and to analyze the effects of three influencing factors (steel ratio, eccentricity and different types of aggregates) on mechanical properties of test specimens. The experimental results indicated that recycled aggregate concrete filled square steel tubular column had high bearing capacity and excellent deformation performance, and its final fracture morphology was similar to that of common concrete-filled steel tube, which was bending failure. Steel ratio, eccentricity and different types of aggregates had significantly effects on the mechanical properties of bias column. Mid-span longitudinal strain distribution of the test specimens could basically satisfy the plane cross-section assumption, the calculated value according to standard GB 50936-2014 was close to the measured value, which was more suitable for calculating the bearing capacity of bias column.
With the rapid development of its economy, China accelerates the process of infrastructure construction and urbanization. As a result, there produces a large quantity of construction waste, with waste concrete and sintered brick as the main component. By converting waste concrete into recycled concrete, not only can the problem of environmental pollution be reduced, but the recycling (second use or more) of construction waste helps save part of natural resources (Michael,2012; Dhir et al.,2011) . Compared with natural aggregate, the recycled aggregate obtained from waste concrete and sintered brick is characterized by high porosity, large coefficient of water absorption, small bulk density, and small apparent density (Yu and Teng,2013; Juan and Gutierrez,2009; Zega et al.,2010; Etxeberria et al.,2007; Topcu and Sengel,2003) . With these features, recycled aggregate concrete and natural aggregate concrete are different in mechanical properties (Otsuki et al.,2003; Rahal,2007) .
The recycled-concrete-steel composite structure, which is formed by pouring recycled aggregate concrete into steel pipes, exploits the advantage of both steel and recycled aggregate concrete (Chen et al.,2010; Corinaldesi et al.,2011) . The steel constraint effect helps strengthen the strength of recycled aggregate concrete, while steel pipes with the filler of recycled aggregate concrete will not bend inwards as what hollow steel pipes tend to (Choi and Yun, 2012; Chen et al.,2014; Cui et al., 2016; Wang et al.,2015; Niu and Cao,2015) .
Studies on concrete-steel structure has reached maturity in a wide scope of fields at home and abroad. Most of these studies focus on axial compression components (Adewumiet al., 2016; Mohanrajet al.,2011; Yang and Han,2006) , and less for bending components. This paper conducts the experimental study on the bias mechanical properties of the composite pillar of recycled concrete and square steel, with three major parameters of steel content, eccentric distance and aggregate type.
OOVERVIEW OF THE TEST

The mechanical property of steel specimens
The steel pipe sample used in our test was Q235 square welded straight seam steel pipe, at the side length of 100mm. According to GB/T228.1-2010 "Tensile Test of Metallic Materials" and GB/T22315 -2008 "Methods of the Elastic Modulus Test of Metallic Materials", we obtained the steel pipe's yield strength, tensile strength, elastic modulus and Poisson ratio, as listed in Table 1 . 
The mechanical property of recycled aggregate concrete
The raw materials used for the preparation of recycled aggregate concrete include Jidong Portland cement (P. O42.5R), natural river sand on a continuous grade, tap water, recycled coarse aggregate, and natural coarse aggregate. The predecessor of the recycled coarse aggregate is the waste concrete and sintered brick produced by demolishing the buildings of Hebei Agricultural University. After breaking and sifting them, we prepared the recycled coarse aggregate with the maximum grain size of 20mm. The natural coarse aggregate was ordinary rock pieces on a continuous grade, at the grain size range of 5mm~20 mm.
With the strength of C30, the recycled aggregate concrete underwent water absorption treatment for 24h before mixing the concrete. Table 2 lists the mixing proportion determined by using the volume method.
According to the GB/T50081-2002 "Standard for Test Methods of Mechanical Properties on Ordinary Concrete", we undertook the test on the mechanical properties on recycled aggregate concrete. The test results of related mechanical indicators are shown in Table  3 .
As can be seen from the measure data analysis result in Table 3 , at the displacement rate of 30T, 50T and 70T, the cubic compressive strength is reduced by respective 9.8%, 27.0% and 34.4% compared with the parameter value without displacement; in the same case, the axial compressive strength is reduced by 4.6%, 25.3% and 27.7%, respectively, and the elastic modulus is reduced by 31.6%, 43.3% and 59.3%, respectively. Therefore, the parameter value of recycled aggregate concrete will become much lower if the displacement rate exceeds 30%. Accordingly, we suggest to limit the displacement rate within 30% when preparing recycled aggregate concrete with recycled brick aggregate. 
Design and preparation of specimens
Through the study of the mechanical properties of recycled aggregate concrete, we determined the displacement rate of recycled brick aggregate as 30%. As there were three major influencing factors (steel ratio, eccentric distance and aggregate type), we decided to prepare 12 specimens, and to analyze two aggregate mixture types (i.e. to displace natural aggregate with recycled brick aggregate, and to displace recycled concrete aggregate with recycled brick aggregate). The eccentricities were determined as 20mm and 40mm, the slenderness ratio be 0.14, and the steel rates be 0.08, 0.11, and 0.17, respectively. The details of test parameters are listed in Table 4 . The specimen was made of Q235 straight seam square steel tube at the side length of 100mm. On each end of the steel tube welded a square steel plate of 10mm thickness and 160mm side length. Then, we punched a round hole with the diameter of 60mm in one of the steel plates, through which the concrete was poured twice into the steel tube. The final step was to pound the specimen dense on the jarring table and to fill the steel tube with high-strength cement slurry after 24 hours during which concrete shrinkage occurred in the inlet. The specimens underwent natural curing which resembled better to engineering practice.
Note: We number the parameters of displacement rate, wall thickness and eccentric distance in Table 3 . For example, 30T320 represents that the replacement rate is 30%, i.e. the mass volume of recycled brick aggregate is 30% the sum mass volume of natural aggregate and recycled brick aggregate. For steel pipe specimens whose actual wall thickness are 2.72mm, we take it approximately as 3. The number 20 refers to the eccentric distance of 20mm. B denotes the side length of the specimen, t as the wall thickness, L as the measured specimen height, γ as the displacement rate, λ as the slenderness ratio, α as the steel rate, E as eccentric distance, e / r as eccentric rate, ξ as the constraint effect coefficient, Nu as the ultimate bearing capacity of the specimen. 
Data measurement and loading system
The bias specimen parameters to be measured included mid-span lateral displacement, axial displacement, and the horizontal strain and longitudinal strain at both sides of the mid-span cross section under the action of tensile force. The specimens were loaded on a 500t press machine. The knife edge hinge was used to simulate the end boundary conditions of the loaded bias specimen. The specimen was placed on the hinge support between the two loading plates of the press machine. Figure 1 shows the layout of the strain gage and the electronic displacement meter. There stands a strain gage on the compression side of the mid-span bias specimen, with another one lying on the tension side. A strain gage stands on each of the quartile of the mid-span lateral side. An electronic displacement meter is placed on each of the midspan area and the two sides of the pillar.
Figure 1. Loading device and measuring device layout plan
Force vs Displacement control was implemented in this test. The preload was 5% of the estimated bearing capacity. At the initial stage, each time we exerted the load on the specimen at a value equal to 1/10 of the estimated bearing capacity. The corresponding loading speed and time were 1KN/s and 2min, respectively. When the loading reached half of the estimated bearing capacity, each time we exerted the load on the specimen at a value equal to 1/20 of the estimated bearing capacity. The corresponding loading speed and time were 1KN/s and 1min, respectively. When the loading reached 80% of the estimated bearing capacity, we changed force control for displacement control, at the displacement loading speed of 1mm/min. The test was completed until the loading was reduced to the 70% of the measured bearing capacity. Figure 2 shows the test process.
Figure 2. Test loading process diagram
3.EXPERIMENTAL PHENOMENA AND RESULTS ANALYSIS
The failure and form of bias pillar
The loading process of the bias specimen can be divided into 3 stages: the elastic stage, when the specimen basically remains unchanged; the elastic-plastic stage, when the steel pipe begins to yield as a response to the rise in loading; and the plasticity reduction stage, with the maximum lateral bending and deformation. In the second stage, the midto-top part of the compression side of the specimen begins to bulge upward and deform laterally. This phenomenon becomes increasingly remarkable as the loading increases continuously until approaching the ultimate load. In the third stage, the more and more serious mid-to-top bulging incurs the bulging of the two neighboring sides. All but the tension side bulge when the specimen fails.
Made of square steel pipe and recycled aggregate concrete, the bias pillar presents high bearing capacity, good deformability, and the similar form of bending failure as the ordinary steel-concrete structure's. All the maximum lateral displacements occur in the mid-span position. The reason why the bulging occurs at the mid-top side is that we fails to punch the specimen dense, causing the lighter parts of recycled coarse aggregate to float upwards. Another reason is the larger amount of cement slurry on the top of the specimen which reduces the strength of the specimen. Figure 3 is the failure form of the specimen.
The failure form of bias specimen
The failure form of the bias specimen core concrete Figure 4 is the relationship curve of the loads on the bias specimen and the mid-span lateral displacement. The whole curve presents three stages of tendency: the linearly upward stage, the curve-like upward stage, and the slowly downward stage. The first stage witnesses slight lateral displacement growth and unobvious change of specimen appearance despite the rise in loads. When the load reaches 80%-95% of the ultimate load, the load-deformation curve enters the curve-like upward stage, in which the midto-top part of the compression side bulges slightly. Specimen failure marks the entrance to the third stage, in which the lateral displacement increases prominently and the bulging of the compression side causes the gradual bulging of the two-neighboring side. The specimen is under the action of the ultimate load in the third stage.
Test result analysis
Load-deformation curve
According to Fig.4 (a) , when the eccentric distance remains unchanged and the steel ratio increases, the increase in mid-span lateral displacement is decelerated, and the bending strength and the ultimate load are enlarged; when the actual load is equal to the ultimate load, the higher the steel ratio is, the slower the lateral displacement expands. When the steel ratio remains unchanged, as the eccentric distance increases, the stiffness lowers down quicker, and the mid-span lateral displacement increases. After the ultimate load is reached, the mid-span lateral displacement at the eccentric distance of 40mm is 7.3%-54.1% higher than the one at the eccentric distance of 20mm.
According to Fig. 4 (b) in which the replacement rate is 30%, when the steel ratio is fixed, the ultimate load of 30Z (i.e. to displace recycled concrete with recycled brick aggregate) is 0.7%-9.8% lower than that of 30T (i.e. to displace natural concrete with recycled brick aggregate); when the ultimate load is reached, with better deformability, the mid-span lateral displacement of 30Z is 42.7%-70.3% higher than that of 30T. Figure 5 is the relationship curve of the load on bias specimen and the mid-span strain, in which the layout data of the vertical and horizontal strain of different specimens is shown in Figure 1 . As can be seen from Figure 5 , in the initial stage of loading, the specimen is in the elastic stage, and its longitudinal and transverse strain increases linearly with the load; when the strain curve turns to nonlinear, the longitudinal strain accelerates to increase. When the eccentric distance is 20mm, the strain at the compression side reaches 79.6%~86.3% of the ultimate load, and the specimen yields; When the eccentric distance is 40mm, the strain at the compression side reaches 68.9% ~ 80.8% of the ultimate load, and the specimen yields. Therefore, the larger the eccentric distance is, the earlier the specimen yields.
Load-strain curve
When the eccentric distance and the steel ratio remain the same, the strain of 30Z increases slightly compared to the strain of 30T, in that the concrete elastic modulus reduces with the change of aggregate type (Konnoet al.,1997) . When the eccentric distance and the aggregate type remain the same, as the load increases, the higher the steel ratio is, the slower the strain growth rate becomes, and the better the ductility of the specimen is. Figure 5 . Load-strain curves of specimens under eccentric compression Figure 6 shows the measured values of the mid-span longitudinal strain along the crosssection height, at each stage of loads from the initial elastic stage to the elastic-plastic stage when the ultimate load is approached. Figure 6 . Load -strain curves of specimens under eccentric load As can be seen from Fig.6 , at the initial stage of loading, the longitudinal strain of every measure point along the cross-section height basically falls in the same straight line, which means that the mid-span cross section nearly obeys the plane cross section assumption under the force of the bias load. When the load reaches 74.3%-86.3% of the ultimate load, the strain distribution begins to deviate from linearity. As the load continues to increase, the strain distribution map becomes less obvious, and the specimen begins to yield. Also, the specimen enters the elastic-plastic stage, with the cross section no longer obeying the plane cross section assumption.
The distribution of longitudinal strain along cross-section height
During the whole loading process, as the load increases, the neutral axis of the mid-span cross section changes nonstop, gradually developing toward the compression side. The development velocity is in positive proportion to the eccentric distance, while the compression area of the cross section is in negative proportion to the eccentric distance. Such being the case, as the eccentric distance increases, the concrete in the compression area is crushed into pieces, leading to the specimen failure.
Calculation of bearing capacity
As steel recycled concrete and steel concrete share the similar mechanical properties, we refer to the foreign and domestic regulations or standards of steel concrete in calculating the parameters of steel recycled concrete, such as AISC (2005) and BS5400 (2005), which is based on superposition theory, as well as GB50936-2014 , DBJ13-51-2003 and GJB4142-2000 , which is based on the unification theory. We substitute the measured parameters (strength, elastic modulus, etc.) into these regulations, and compared measured values with computation values. The comparison result is listed in Table 4 . The standard deviation and coefficient of variation of BS5400 (2005) are the smallest, but the calculated values are less than the measured values. Therefore, in light of the conservative calculation, BS5400 (2005) is not our recommendation. The standard deviation (0.049) and the coefficient of variation (0.051) of GB50936-2014 is the smallest, and the calculated values are the closest to measured values. Therefore, GB50936-2014 is more suitable to be based on in calculating the bearing capacity of the bias composite pillar of recycled concrete and square steel.
4.CONCLUSION
(1) The ultimate failure mode of the bias composite pillar of recycled concrete and square steel is similar to that of ordinary steel-tube concrete, with the failure mode of bending failure. There are three stages of the loading process: the elastic stage, the elastic-plastic stage and the plastic stage. On the mid-to-top part of the specimen appears the phenomenon of bulging. All the maximum lateral displacements occur in the mid-span position.
(2) The higher the steel ratio is, the greater the bending stiffness becomes, the smaller the increment of mid-span lateral displacement is, and the higher the ultimate bearing capacity becomes. When the ultimate load is reached, the lateral displacement develops at a slower velocity; the longer the eccentric distance is, the quicker the stiffness degrades, the earlier the specimen yield occurs, and the lower the ultimate capacity is. By displacing recycled concrete with recycled brick aggregate, we obtain the composite structure with lower ultimate capacity and better deformability.
(3) The distribution of s the bias composite pillar of recycled concrete and square steel basically obeys the assumption of plane cross section. With the increase of the load, the neutral axis of the section approaches the point of force.
(4) By comparing the measured value and the computation value of ultimate load, we find that the difference is the smallest under the guideline of GB 50936-2014, which means that GB50936-2014 is more suitable to be based on in calculating the bearing capacity of the bias composite pillar of recycled concrete and square steel. 
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